Recently, the use of bottom-TJ geometry in LEDs, which achieves N-polar-like alignment of polarization fields in conventional metal-polar orientations, has enabled enhancements in LED performance due to improved injection efficiency. Here, we elucidate the root causes behind the enhanced injection efficiency by employing mature laser diode structures with optimized heterojunction GaN/In0.17Ga0.83N/GaN TJs and UID GaN spacers to separate the optical mode from the heavily doped absorbing p-cladding regions. In such laser structures, polarization offsets at the electron blocking layer, spacer, and quantum barrier interfaces play discernable roles in carrier transport. By comparing a top-TJ structure to a bottom-TJ structure, and correlating features in the electroluminescence, capacitance-voltage, and current-voltage characteristics to unique signatures of the N-and Ga-polar polarization heterointerfaces in energy band diagram simulations, we identify that improved hole injection at low currents, and improved electron blocking at high currents, leads to higher injection efficiency and higher output power for the bottom-TJ device throughout 5 orders of current density (0.015 -1000 A/cm 2 ).
: (a) Schematic structures for the two samples in this study, denoting the pn-diode region (used in SiLENSe simulations) and the TJ region. (b) XRD data for the two samples, showing good agreement in layer thicknesses and compositions between the structures. The slight shift to the left for the peak at ~34.25 degrees in the bottom-TJ structure indicates ~0.8% higher In composition in the InGaN QB regions compared to the top-TJ structure. (c) TLM measurements for the top contact for both structures after fabrication into diodes. Resulting contact and sheet resistances are similar for both devices, and acceptably low for contacts to n-GaN (Rsh < 150 W, rc < 10 -5 Wcm 2 ).
To study the effects of polarization field orientation on LD injection efficiency and light output, two structures were grown by plasma-assisted molecular beam epitaxy (MBE) on Ga-polar bulk n-GaN substrates (schematic structures shown in Fig. 1(a) ). The top-TJ structure begins with growth of an n-GaN nucleation layer followed by growth of the active region: a 2.8 nm In0.17Ga0.83N quantum well sandwiched by 60 nm In0.05Ga0.95N quantum barriers (QBs). Then, a 200 nm UID GaN spacer layer is grown to separate subsequent p-layers from the active region. Next, a 20 nm Al0.08Ga0.92N electron blocking layer (EBL) is grown, followed by the p-GaN cladding, a GaN/In0.17Ga0.83N/GaN TJ, and finally an n + GaN contact layer. The bottom-TJ structure consists of the same layers but grown in the opposite order, with the exception of the nucleation and top contact layers, which are in the same positions as in the top-TJ. Each corresponding layer of the top-TJ and bottom-TJ structures is grown at the same substrate temperature and using the same Al/Ga/In/N flux to make fair comparisons. Compositions and thicknesses were confirmed by X-ray diffraction (XRD - Fig. 1(b) ), confirming consistency in layer structures between the two samples. The slight difference in 2-theta angle for the InGaN QB peak at 34.25 degrees can be attributed to 0.8% unintentionally higher In composition in the bottom-TJ device's InGaN QB layers. From SiLENSe simulations, this slightly higher In composition is not expected to affect device performance significantly -in fact, it is expected to reduce injection efficiency slightly, and therefore does not preclude meaningful comparisons of device performance. Further, the heterostructure TJ used here, with an In0.17Ga0.83N interlayer, reduces depletion width more in the top-TJ geometry than in bottom-TJ geometry in which an AlN interlayer would theoretically reduce depletion width most effectively 20 .
After structural characterization, the samples were co-processed into LEDs in order to perform electrical and optical characterization. Processing devices in this manner (rather than into laser stripes) allows for simple extraction of EL, CV, and IV characteristics and comparison between different devices without the need to decouple factors such as differences in mirror losses. LED mesas were defined through inductively-coupled plasma reactive ion etching (ICP-RIE). For both samples, etch depth extends into the substrate, such that TJ cross sectional area is uniform between the samples. After mesa isolation, top and back contacts consisting of Ti/Al = 25/100 nm were deposited through electron beam evaporation. The top contact was annealed at 550 °C for 1 minute, resulting in contact resistances in the 10 -6 Wcm 2 range. Devices with areas ranging from 20x20 µm 2 to 300x300 µm 2 were realized, with all of the device measurements in this study performed on 80x80 µm 2 devices. Measured contact and sheet resistances by the transfer length method (TLM) are similar between the two devices, with slightly lower values for the top-TJ device ( Fig. 1(c) ). Thus, it is unlikely that the benefits seen in the bottom-TJ structure derive from differences in device fabrication; they are due to the orientation of polarization fields alone.
In addition to the measurements, simulations of the output power, CV, and IV characteristics were performed using SiLENSe. The simulated structures exclude the TJ region (indicated in Fig 1(a) ) -since the additional series resistance due to inclusion of a TJ is low in comparison to other series resistances present in the structures (especially that of the UID GaN spacer), this method provides a good approximation of the true device. The results of the simulations, and their high quality of fit to the measurements, suggest that the limiting characteristics of the devices are determined by the structure of the diode region, and that the bottom-TJ device layer quality is not significantly affected by growth on top of a heavily doped TJ. After processing the epi-structures into devices, EL measurements were performed at current densities between 0.015 A/cm 2 and 1000 A/cm 2 on 80x80 µm 2 devices to compare emission intensities and wavelengths. A subset of the collected spectra is shown in Figs. 2(a) and (b). It can be seen that the main emission peak from the active region occurs at 459 nm at low injection current (5 A/cm 2 ), blueshifting to 441 nm at 1000 A/cm 2 for both samples. The identical main peak location confirms identical QW thickness and composition between the two samples. Parasitic emission peaks are seen at ~395 nm and 365 nm, coming from recombination in the InGaN QB region and the UID GaN spacer respectively. With increasing current density, first the parasitic peak at ~395 nm appears, and later the peak at 365 nm, with intensity for the ~395 nm peak always stronger by ~5x. This behavior suggests that electron overshoot is responsible for the parasitic emission, increasing in severity with increased current injection, with more electrons present in the regions where the conduction band edge is lower in energy.
The parasitic peaks are always present in the top-TJ sample even below 5 A/cm 2 , but emerge only at high current densities in the bottom-TJ sample (the InGaN QB peak appears at ~40 A/cm 2 , and then the GaN spacer peak at ~200 A/cm 2 ), suggesting that the orientation of polarization fields in bottom-TJ geometry improves electron blocking, as shown later in Fig. 4 (e). The slight difference in peak wavelength for the ~395 nm emission peak between the two samples (391 nm for top-TJ and 398 nm for bottom-TJ) is due to the ~0.8% compositional difference in the InGaN QBs, as seen from XRD. Compared to previous results on other blue bottom-TJ LEDs which showed no parasitic peaks 19 , the higher current densities investigated here cause some degree of carrier leakage even in the bottom-TJ structure, albeit much smaller than in the top-TJ.
A comparison of the integrated EL intensities of the three observed peaks for the two samples as output , the intensity at a fixed input power is stronger for the top-TJ structure by >5x throughout the range of input powers. In contrast, for the desired QW peak ( Fig. 2(c) ), the intensity is stronger in the bottom-TJ structure by ~1.3x. SiLENSe simulations (inset of Fig. 2 (c)) of the output power predict this trend for intensity of the QW peak: the intensity is always higher for the bottom-TJ structure, reaching ~1.35x that of the top-TJ at an input power of 5000 W/cm 2 . The disparity in Pout between the two structures increases with increasing Pin, reflecting the similar trend seen in the simulated injection efficiency ( Fig. 2(d) ): the injection efficiency is lower for the top-TJ structure, with the difference increasing with increased Pin. Internal quantum efficiency (IQE, defined as the ratio of radiative recombination current in the QW to total recombination current in the QW) is similar for both structures, leaving injection efficiency as the root cause for differences in device performance. The increase The bottom-TJ device shows higher current than the top-TJ prior to turn-on, and lower current after, consistent with simulations. Differential resistances at 1000 A/cm 2 are 5.4x10 -4 Wcm 2 for the top-TJ and 6.4x10 -4 Wcm 2 for the bottom-TJ device. The devices show similar levels of leakage current, with ~6 orders of rectification. At this bias, the bottom-TJ device now has significantly larger barriers to electron overflow than the top-TJ device.
The differences in carrier injection and the injection efficiency between the bottom-TJ and top-TJ devices
can be further understood by investigating the measured and simulated IV and CV characteristics, and how they relate to the simulated energy band diagrams. The IV characteristics are shown in Fig. 3 , energy band diagrams in Fig. 4 ., and CV in Fig. 5 . The bottom-TJ IV data is plotted with voltage and current flipped in sign for easy comparison. Qualitatively, from the IV data, it is seen that the measured current in the bottom-TJ structure is higher than in the top-TJ until ~3.4 V, after which the current is lower for the bottom-TJ device ( Fig. 3(a) , measured data). Simulated IV from SiLENSe (also shown in Fig. 3(a Hence, the electrostatic approximation is improved with higher frequencies, with the measured phase pushed closer to -90 degrees at higher frequencies over the range. As more current begins to flow beyond ~2.5 V, the phase sharply increases towards 0 degrees in both devices, and the electrostatic approximation is no longer valid.
In this regime the measured impedance sharply decreases owing to the rapid increase in current flow from both devices; hence the extracted capacitance is no longer accurate. To help quantify and explain the observed trends in IV and CV, selected data at 3.05 V (before the current crossover), 3.22 V (at the crossover), and 3.50 V (after the crossover) simulated with SiLENSe is shown in Table 1 .
Looking first at the voltages before the crossover, the simulations reveal that current flow is dominated by radiative current stemming from recombination in the QW (Jrad, QW), and to a lesser degree by nonradiative recombination current in the QW (Jnrad, QW). At these biases, Jnrad, QW constitutes a similar fraction of total current for the two devices, and electron injection into the QW is also similar. The main difference between the two structures is in the hole injection into the QW as indicated in Figs. 4(a) and (b) . Holes see larger barriers in the top-TJ geometry ( Fig. 4(a) ) from the AlGaN EBL/UID GaN spacer interface and the UID GaN spacer/InGaN quantum barrier interface because of the orientation of polarization fields. On top of this, additional holes are present in the bottom-TJ QW due to the InGaN QB/InGaN QW polarization field, while instead, electrons are present in the top-TJ at the same location. With overall hole concentration much lower than electron concentration at these biases ( Fig. 4(b) ), the difference in hole injection becomes the critical reason that current flow is higher in the bottom-TJ at biases below ~3.2 V.
Sample
Bias Fig. 4(a) , (c), and (e), respectively. All material parameters were kept constant for the two devices. Although the values listed may change with the material parameters, the observed trends remain. The largest contributor to total current is shown in bold for each device at each bias. Prior to device turn-on (3.05 V) as well as at the crossover (3.22 V), radiative and nonradiative current in the QW are the largest contributors for both devices, with slightly higher radiative current in the bottom-TJ device. Notably, at the crossover point, with voltage and Jtotal the same for both devices, the bottom-TJ device still shows enhanced Jrad, QW and suppressed Janode. After turn-on (3.50 V), Jrad, QW remains a significant contributor for the bottom-TJ device, but is much lower for the top-TJ device. At this bias, Janode stemming from electron overflow is the dominant contributor to total current for the top-TJ device. The final column shows calculated wall-plug efficiency at each bias, assuming that all emission is at 2.75 eV (450 nm). WPE for the bottom-TJ device is always higher than that of the top-TJ. Fig. 6 : Calculated WPE versus forward bias voltage, using the points from the final column in Table 1 . Different regimes are depicted in the plot with shading to denote the different causes for higher WPE in the bottom-TJ structure. At lower biases, improved hole injection is responsible for the increased WPE, while at higher biases, improved electron blocking leads to higher WPE.
Electrostatic simulations of CV support this conclusion: the capacitance of the top-TJ before turn-on is well described by the electron population alone ( Fig. 5(e) ). On the other hand, hole modulation is crucial in reproducing the measured bottom-TJ CV characteristic ( Fig. 5(f) ). Prior to device turn-on, the CV simulations show that the charge modulation almost entirely occurs within the UID GaN spacer, and therefore simulated band (Fig. 5(d) ). Hence, Chole is a large component of the capacitance at low bias. The polarization fields at the two interfaces cause bowing of the UID spacer bands (shown in Fig. 5(b) ), contrasting the flat bands in the top-TJ, resulting in non-uniform carrier populations appearing in the spacer. In particular, the simulations suggest electrons accumulate in the center of the spacer around 2 V. While holes dominate the capacitance at low voltages, this accumulation of electrons at a later bias causes Ctotal to exhibit the shoulder, as seen in the measurement.
For biases at the crossover point ( Figs. 4(c) and (d)) and higher (Figs. 4(e) and (f)), the hole barriers in the top-TJ are sufficiently screened by the applied field. In addition, the lack of polarization-induced holes at the InGaN QB/InGaN QW interface in the top-TJ device becomes less consequential due to the large number of holes generated by the applied field. These effects result in similar hole concentrations in the QW for both devices (slightly higher for top-TJ at 3.50 V). Interestingly, at the crossover point, even with identical voltage and current across both devices (identical Pin), the bottom-TJ device exhibits higher Jrad, QW, as expected from Fig. 2(c) .
Additionally, differences in electron blocking can be seen in Fig. 4(c) at the UID GaN spacer/InGaN QB interface for the two devices. Already, electron overflow is becoming a problem in the top-TJ device, with recombination current at the anode (Janode) at 3.22 V reaching 17% of total current (Jtotal) as opposed to only 3% for the bottom-TJ device (Table 1 ). This problem becomes much worse in the top-TJ device at +3.50 V: Janode accounts for >70% of the total current, while Jrad, QW accounts for <10%. The large anode current is unsurprising given the electron buildup in the UID spacer even at the lower biases. In contrast, while simulations show intrinsically higher onresistance for the bottom-TJ beyond the crossover, Janode accounts for <10% of the total current flow, while Jrad, QW accounts for 37%. Now, the polarization fields generated at both the UID GaN spacer/InGaN QB and AlGaN EBL/UID GaN spacer interfaces contribute to this higher on-resistance and improved electron blocking ( Fig. 4(e) ).
Calculated WPE for the bottom-TJ device is always higher than that of the top-TJ even at the higher biases at which on-resistance is higher, as seen in the last column of Fig. 6 .
In conclusion, we show that using bottom-TJ geometry in a LD structure with a UID GaN spacer results in an enhancement in light output power of ~30% in comparison to a standard top-TJ device. It is notable as well that the differential resistances (5.4 x 10 -4 W cm 2 for the top-TJ and 6.4 x 10 -4 W cm 2 for the bottom-TJ device at 1000 A/cm 2 ) and current levels seen in these devices are on par with the best results for TJ LEDs found in literature to date despite the presence of a UID spacer 21, 22, 23 . Through SiLENSe simulations and measurements of light output power, CV, and IV characteristics, we identify different mechanisms for the enhanced light output in different injection current (or equivalently, different Pin) regimes. In the low current regime, enhanced hole injection in the bottom-TJ device is responsible for the improved device performance. At the crossover point and after the devices turn on, differences in performance stem mainly from improvements in electron blocking. The higher differential resistance for the bottom-TJ compared to the top-TJ suggests there is room for improvement in terms of electrical conductivity. Towards this end, taking advantage of polarization-induced doping in the form of compositional grading in the cladding layers may reduce overall series resistance. Furthermore, the use of an AlN interlayer rather than In0.17Ga0.83N theoretically reduces the depletion width in the TJ even more for the bottom-TJ device, so it is possible that further optimization of the TJ region may improve device performance 20 . Additionally, this work has not utilized the inherent advantage offered by the bottom-TJ geometry: that of the TJ cross sectional area. Since device isolation only requires etching through the active region, the TJ region can remain unetched for the bottom-TJ, while it must be etched for the top-TJ. The much larger achievable TJ cross sectional area in bottom-TJ geometry will result in a far lower tunneling resistance. These methods provide a straightforward path to significantly improving bottom-TJ device performance further, and will allow for enhanced laser performance in the future.
